Abstract. Response functions of liquid organic scintillator for neutrons up to 800 MeV have been measured at the Heavy-Ion Medical Accelerator in Chiba (HIMAC) of National Institute of Radiological Sciences (NIRS). 800-MeV/u Si ions and 400-MeV/u C ions bombarded a thick carbon target to produce neutrons. The kinetic energies of emitted neutrons were determined by the time-of-flight (TOF) method. Light output for neutrons was evaluated by eliminating events due to gamma-rays and charged particles. The measured response functions were compared with calculations using SCINFUL-QMD and CECIL codes. It was found that SCINFUL-QMD reproduced our experimental data adequately.
INTRODUCTION
Liquid organic scintillators, such as NE213 and BC501A, have been widely used for neutron spectrometry in the energy region above several MeV, since these scintillators have a high detection efficiency and a good capability to distinguish neutrons and gamma rays. Detection efficiency and response function of the liquid organic scintillators are essential to derive the accurate neutron spectrum by the time-of-flight (TOF) or unfolding method. Therefore, many experiments to measure the response functions were performed in the incident neutron energies up to 200 MeV [1, 2] . On the contrary, the experimental data for incidences above 200 MeV are very scarce because of the difficulty in generating mono-energetic neutrons in this energy region.
The Monte Carlo simulation codes, SCINFUL [3] and CECIL [4] , have been utilized to determine the response function of the liquid organic scintillator. SCINFUL has an ability to reproduce the experimental data well. However, the upper limit of applicable energy is set at 80 MeV because of a limitation on tabulated cross section data. CECIL has been used to determine the response function for neutrons up to a few GeV [5] [6] [7] . However, the model employed in CECIL is simplified in the high-energy region. For instance, reaction cross sections are constant above a few hundred MeV and charged particles considering transport and energy deposition are only protons and alpha-particles.
In order to estimate the response functions for highenergy neutrons, we developed a new Monte Carlo code, SCINFUL-QMD [9, 10] , by incorporating Quantum Molecular Dynamics (QMD) [8] into SCINFUL. SCINFUL-QMD calculates the response function of scintillator of various sizes in the incident neutron energies from 0.1 MeV to 3 GeV. To verify and improve the accuracy of this code, measurement of the response functions up to 800 MeV has been performed and compared with calculation by SCINFUL-QMD.
EXPERIMENTAL METHOD
The experiment was carried out at the Heavy-Ion Medical Accelerator in Chiba (HIMAC) of the National Institute of Radiological Sciences (NIRS). An illustration of the experimental arrangement is shown in Fig. 1 . Neutrons were generated at the thick carbon target via spallation reaction. 800-MeV/u Si ions and 400-MeV/u C ions were employed as the incident heavy ion. 23.0-and 20.0-cm-thick carbon targets were used for the Si ions and C ions, respectively; these thicknesses were determined to stop the incident heavy ions in the target completely.
An NE213 liquid organic scintillator was placed at 5.0 m downstream from the target and 15 • away from the incident beam axis. The shape of scintillator was cylindrical with a 12.7-cm diameter and 12.7-cm thickness. The kinetic energy of the neutron was determined by use of a time-of-flight (TOF) technique. A thin NE102A plastic scintillator, hereafter designated beam pick-up scintillator, was located upstream from the target to determine the number of the incident heavy ions. Its diameter was 30 mm and thickness was 0.5 mm. In front of the NE213 scintillator, an NE102A scintillator was mounted as a veto detector to reject the charged particle events.
The data for pulse height, pulse shape, and flight time were acquired event by event via a set of electronic circuits, which was connected to a personal computer. Figure 2 shows the block diagram of the circuit used in the present measurement. The anode signal of the photomultiplier combined with the NE213 scintillator was divided, and three pulses were fed into three charge sensitive analog-to-digital converters (ADCs), which had different gate widths, i.e., fast, slow, and total. ADCs with the fast and slow gates were utilized to eliminate the gamma-ray events with pulse-shape discrimination (PSD) by the two-gate integration method. An ADC with the total gate was used for constructing a response function. TOF data were measured between the beam pick-up scintillator and the NE213 scintillator. The anode pulses of each scintillator were converted to the logic pulses with the constant-fraction-discriminator (CFD), and fed into time-to-digital converter (TDC). Figure 3 shows the light output spectra of the veto detector. Neutrons, gamma rays, and charged particles are produced by spallation reactions in the target. Since only charged particle events occur luminescently in the veto detector, non-charged particle events, i.e., neutrons and gamma rays, were distinguished from them successfully. Figure 4 shows the TOF spectra excluding the charged-particle events for an incidence of 400-MeV/u C ions. The horizontal axis was reversed, because the start signals and the stop ones of the TOF measurement came from the neutron detector and the beam pick-up detector, respectively. The prompt gamma peak, therefore, appears in the higher region of the TOF spectra. This peak was adopted as a time standard to convert the TOF to the kinetic energy of emitted neutron.
DATA ANALYSIS
The typical results of PSD by the two-gate integration method is shown in Fig. 5 . The widths of the fast and slow gates were 45 and 250 ns, respectively. The slow gate was delayed by 50 ns from the fast gate. Two regions, labeled (A) and (B), were observed. The regions (A) and (B) were constructed by neutron and gammaray events, respectively. The probability of recoil protons that escape from the detector increases with increasing the neutron energy. The escaping recoil proton deposits its energy partially, and the pulse shape is close to that of the gamma ray. Hence, the region (B) contained not only gamma-ray but also escaping recoil proton events. In this work, the response function for neutrons was obtained by eliminating the events by gamma rays and escaping protons.
ADC channel data were converted into an electron equivalent unit (MeV ee ) by use of the proton events. Figure 6 shows the response function of NE213 liquid organic scintillator for 260-400 MeV neutrons together with other experimental data obtained by Sasaki et al [11] and the predictions of Monte Carlo simulation codes. Our data were normalized by the value of Sasaki et al at 25 MeV ee . Error bars indicate only statistical uncertainties in the form of one sigma. Response functions by Monte Carlo simulation were calculated for the incident neutrons of 300 MeV. The parameters for light output adopted in CECIL were readjusted by Nakao et al [2] . Hereafter, it is referred as the modified CECIL to make a distinction from the original one [4] .
RESULTS AND DISCUSSION
In the comparison between SCINFUL-QMD and the present experiment, SCINFUL-QMD reproduced the shape-of-response function well. However, in the light output region from 60 to 120 MeV ee , the results of SCINFUL-QMD gave smaller values than those of present experiment. The data reported in this paper are preliminary, and some corrections are required to obtain the final results. More precise analysis must lead us to solve the disagreement.
The results of SCINFUL-QMD and Sasaki et al. showed good agreement in the light output region below 110 MeV ee . However, above 110 MeV ee , SCINFUL-QMD exhibited overestimation. This discrepancy mainly comes from the uncertainness of light yields for charged particles. In order to make it clear, we plan an experiment to measure the light yields in the organic scintillator by use of mono-energetic charged particle beams up to several hundred MeV.
Calculation results by SCINFUL-QMD and CECIL were also compared. The predictions of CECIL gave smaller values than those of SCINFUL-QMD in whole light output region. CECIL employs an assumption that only proton and alpha-particle are charged particles emitted from nuclear reactions in scintillator. Therefore, the response function calculated by CECIL was constructed with only protons and alpha-particles. It is insufficient to simulate nuclear reactions in the high-energy region. On the other hand, SCINFUL-QMD treats proton, deuteron, 3 He, alpha particles and pion emission, and the light output database for each charged particle.
CONCLUSION
The response functions of liquid organic scintillator up to 800-MeV neutrons were measured to validate the accuracy of the SCINFUL-QMD code. The neutrons were produced by 800-MeV/u Si-ion and 400-MeV/u C-ion bombardment with a thick carbon target. The time-offlight (TOF) method was employed to obtain the neutron energy. Charged particle and gamma-ray events were eliminated from neutron ones. SCINFUL-QMD showed good agreement with the present experiment regarding the shape of the response function. In the light output region above 110 MeV ee , a slight discrepancy was observed between SCINFUL-QMD and previous experimental data obtained by Sasaki et al. In order to clarify this discrepancy, we will perform a measurement of the light yields for various charged particles up to a few hundred MeV. Then, the light output database adopted in SCINFUL-QMD will be updated. 
